The paper presents results from a new series of tests on displacement piles in sand, involving different installation modes, and combines these with results from previous tests at the same site as well with test data at two other well investigated sand sites to provide fresh insights into factors affecting 'short term' capacity and set-up of shaft friction. It is shown that the shaft capacity measured shortly after installation reduces systematically with the logarithm of the number of impact blows or jacking increments per unit shaft area imparted during installation. However, the degree of set-up of shaft friction for piles increases with an increase in the number of blows, and piles installed using a large number of blows can attain highest 'long term' shaft capacities, despite having the lowest 'short term' capacity. The tests indicated that the driving impact frequency had a relatively small influence on shaft friction, while piles installed by vibration attain 'short term' capacities comparable to driven impact piles but showed negative set-up.
Introduction
Piled foundations are an integral, but an expensive, component of the ever-increasing global construction market. As such, cost savings associated with the inclusion of the benefits of the post-installation increase in pile capacity with time are immense. This increase, commonly known as set-up, is a widely accepted phenomenon for driven piles in clays and is incorporated in their design as the primary governing mechanism involving dissipation of excess pore pressures is understood. Tavenas and Audy (1972) reported one of the first cases of pile set-up in sand, measuring 70% increase in capacity of concrete piles in the first 20 days after driving. Since then, evidence of a positive gain in capacity with time emerged from well-documented pile testing case histories in sand (e.g., Axelsson 2000; Chow et al. 1998; Gavin et al. 2013; Jardine et al. 2006; Karlsrud et al. 2014; Skov and Denver 1988; Åstedt et al. 1992) . Even so, despite the growing body of empirical evidence showing that set-up for driven piles in sand can be even more significant than in clays, substantial variability in the observed levels of capacity gain with time and a general lack of understanding of the basic mechanisms are such that set-up in sand is usually ignored in standard design practice.
An example of the scatter in observed set-up is provided in Figure 1a , which presents results from a database of pile tests in sand compiled by Chow et al. (1998) and plots the variation with time of the pile capacity normalized by a measured or inferred capacity after 1 day.
These results show that there is an average increase in capacity of about 50% per log cycle of time. Lim and Lehane (2015a) show that uncertainties associated with (a) combining static and dynamic load tests in the same database, (b) multiple testing of the same piles, (c) the inference of shaft friction from compression tests and (d) the estimation of the 1 day capacity contribute to the degree of scatter shown in Figure 1a . The same authors also showed that the interpreted trend for an increase in capacity with time depends critically on the reference time D r a f t 4 (which is 1 day in Figure 1a ) and that normalizing measured shaft capacities with the capacity calculated using one of the existing design methods provides more consistent trends.
In the light of the uncertainties incorporated in Figure 1a , a series of full scale tests involving first-time tension loading of driven pipe piles was undertaken at three European test bed sites, namely Dunkirk (Jardine et al. 2006) , Blessington (Gavin et al. 2013) and Larvik (Karlsrud et al. 2014) . The capacities measured at various times after pile driving are normalized by the capacity calculated using the UWA-05 method (Lehane et al. 2005) and plotted against the set-up time in Figure 1b . The results indicate a consistent trend with tension capacity reaching a typical design calculated capacity after about 20 days but increasing to about 2.5 times this value after about a year. Such a high level of set-up, which was reasonably consistent across the three sites, prompted Lehane et al. (2017) to suggest application of the following time correction factor (F time ), which is also plotted in Figure 1b , to the capacity calculated using any of the American Petroleum Institute (API) Cone Penetration Test (CPT) methods (API 2006) :
where t is the time in days after installation.
The function described in Equation (1) is a design recommendation, erring on the conservative side of the data points. Jardine et al. (2006) present a similar correction factor, which is a piecewise function, referred to as intact ageing characteristic (IAC). It is clear that application of ageing trends, as represented by Equation (1) or the IAC, would lead to significant economies in practice. However evidence such as that provided by Lim and Lehane (2015b) and Carroll et al. (2017) , indicating that little or no set-up occurred in certain circumstances, suggests caution and prompted the investigation presented in this paper which D r a f t 5 involved first time tension loading of pipe piles installed using three impact/vibration installation modes. The tests were performed at the Shenton Park sand site where there has been a considerable number of previous pile tests with different installation modes (Lehane 2008; Lim 2013; Schneider 2007; Xu 2007) . This paper presents a comparison of the trends from all Shenton Park tests and first-time tension tests from other sand sites, enabling conclusions to be drawn regarding the relationship between shaft capacity, installation mode and set-up time. The experimental tests are described after a brief overview of a range of perspectives relating to the causes for set-up of shaft friction in sand.
Background
A number of mechanisms to explain set-up of displacement piles in sand have been hypothesized but it is clear that the phenomenon is not yet fully understood and is difficult to quantify with any level of confidence. Chow et al. (1998) , for example, proposed that set-up may be due to (i) increases in radial effective stress (σʹ r ) on piles after installation, (ii) corrosion or bonding of sand particles to the pile shaft increasing friction and (iii) increases in the strength and stiffness of the sand mass around the pile. The authors disregarded corrosion as a major cause since reports in the literature confirm capacity gains in steel, timber and concrete piles, both above and below the corrosion zone. Laboratory model pile tests reported by Robinsky and Morrison (1964) , Allersma (1988) and Chong (1988) suggested that compaction and particle breakage at the pile tip during installation creates a thin zone of loose sand around the pile shaft. As a result, Chow et al. (1998) argue that hoop stresses develop by arching and shield the pile from a region of high radial stresses some distance from the pile wall, but that creep induced relaxation of the arching subsequently allows gains in radial effective stresses close to the pile. However, recent laboratory model tests reported by Jardine et al. (2013) and Rimoy et al. (2015) confirmed that while arching did occur, it did D r a f t 6 not provide an explanation for the low levels of set-up observed in their series of tests on jacked piles. Mitchell (2008) discusses the 'enigma of sand ageing', providing many examples of its effects on stiffness, penetration resistance and liquefaction potential. No clear trends emerge and, given that the rate of property improvement varied considerably across the case histories examined, it was concluded that ageing is site and sand type specific. Laboratory element testing (e.g., Chow 1997; Joshi et al. 1995) also display a dependence on sand type but consistently show that prolonged periods of ageing lead to a more dilatant response on subsequent shearing. This characteristic is considered by Bowman and Soga (2005) to be a significant contributor to pile set-up because of the restraint to volume change of the sand adjacent to the pile shaft; such increases in lateral stress were recorded on the precast concrete piles tested by Axelsson (2000) , although much of the σʹ r data recorded were obtained in re-tests. Lim and Lehane (2015b) recorded little change in radial stress increase (∆σʹ r ) on jacked piles, which was consistent with the virtual absence of set-up shown by these piles. This contrasting response with the large set-up of other displacement piles, such as indicated in Figure 1 , and the absence of set-up for bored piles in sand, led Lim and Lehane (2014) to propose expressions relating expected levels of set-up to the disturbance imparted by a given installation mode.
Recent discrete element modelling of pile set-up in sand (e.g., Zhang and Wang 2016) has been successful in replicating the laboratory-observed effects of increased dilatancy and particle breakage and suggests that ageing is likely to be caused by small particle movements and rotations occurring after some disturbance (such as the installation of a pile). These movements and rotations do not cause a significant change in void ratio but lead to a stiffer soil fabric and a more diffuse arrangement of load chains with less heavily loaded contacts. It therefore follows that set-up may indeed be largely due to hypothesis (iii) suggested by Chow et al. (1998) , mentioned above, and that the varying levels of observed pile set-up reflect differences in values of ∆σʹ r during pile loading because of different installation modes and their relative influence on different sand types and states. Gavin et al. (2015) provide a useful summary of current perspectives on set-up of pile shaft friction.
Studies of set-up conducted at small scale in laboratory testing chambers such as those of Jardine et al. (2013) , Lim and Lehane (2014a) and Rimoy et al. (2015) have indicated set-up trends that are often different and less pronounced than those seen in the field. Several factors are likely to contribute to such differences, including the use of freshly deposited sand in testing chambers, scale effects, boundary conditions, and stress state. Therefore, to eliminate any uncertainties regarding laboratory experiments, this paper only considers trends indicated in field tests and excludes chamber tests from the database under consideration.
Experimental Programme

Site Conditions
The new series of pile tests described in this paper were conducted at the University of Western Australia (UWA) Shenton Park sand site, which has been comprehensively investigated using a range of in situ and laboratory tests (e.g., Lehane et al. 2004; Schneider et al. 2008) as well as being used for a number of field experiments including driven piles (Schneider 2007; Xu 2007) 
Pile testing details
Details of the pile testing programme are summarized in Table 1 . Eight 165 mm diameter open-ended pipe piles, labelled SP26 to SP33, were installed to an embedment (L emb ) of 4 m in the test area. The piles were galvanized mild steel tubes, which were sandblasted to a centerline average roughness of about 15 µm. A steel headpiece was used as an anvil to minimize damage to the pile body during impact driving and to facilitate attachments for the execution of tension tests. A special headpiece was also manufactured for piles SP32 and
SP33, which included a 200×200×25 mm plate to allow the vibrator to clamp to the pile.
Three different installation methods were employed: (i) impact driving using a conventional drop weight on piles SP26 to SP28, (ii) impact driving with high frequency using an air hammer on piles SP29 to SP31 and (iii) vibration. The specification details of the installation equipment are provided in Table 2 .
After pitching of piles SP26 to SP28 using an air hammer, impact driving of these piles was performed with the drop weight on a winch system attached to a cross bar at the top of scaffolding. A quick release pin was operated manually from the scaffolding at certain levels, allowing the operator to release the weight and attach it again after resting on the pile head.
Pile SP27 was installed using a 1.5 m drop height, but this led to some damage at the pile head and therefore the height was reduced to 0.8 m for SP26 and SP28. These piles took approximately 4.5 hours to install because of the manual nature of the process. Piles SP30 and SP31 were installed over a period of 1-2 minutes with no disruptions at a frequency of around 6 blows/s, while a lower frequency of 5 blows/s was used for SP29.
Blow counts were recorded for each 100 mm driving increment and these are plotted in Figure 4 for piles SP26 to SP31. It is interesting to note that, on average, the number of blows for installation with the impact hammer are similar to those of the air hammer, despite the latter imparting less energy per impact. Pile SP29 required nearly twice as many blows, possibly due to several interruptions that occurred during installation. Measurements of the soil plug length during pile installation was not generally possible due to the experimental set-up, but final plug length ratios (PLRs) were measured at the end of installation.
Static load tests
Static tension load tests were performed on the piles to evaluate their 'short-term' capacity after about 6 days and their longer term capacity after 4 months (~117 days). Each pile was D r a f t subjected to a single test and therefore uncertainties raised by Gavin et al. (2015) and others, regarding the lower level of set-up in re-tests compared to first-time loading were avoided.
The arrangement employed for tension testing is shown in Figure 5 . A high strength steel frame with a pyramidal arrangement and 0.5 m wide footings was established around each pile, providing the reaction force to pull the pile out of the ground. The footings were located a clear distance of in excess of 5 pile diameters either side of the test piles, ensuring minimal interaction. Loading was applied using a hydraulic jack reacting against a nut placed at the end of a high tensile strength threaded rod. This rod was connected to the head piece at the pile top and passed through the loading frame, hollow load cell and the jack. A standard reference beam arrangement, as indicated in Figure 5 , was employed to allow pile head displacements to be measured with displacement transducers (DTs). The uplift force was applied in (small) increments of 5 kN, each of which was maintained for 10 minutes to allow for stabilization of displacement before the next load increment was applied. The data logger recorded readings from the load cell and displacement transducers at 5-second intervals.
Average shaft shear stress-displacement responses measured during all first-time load tests conducted at specific ageing periods on three types of pile are shown in Figure 6 . Chin's hyperbolic extrapolation (Chin 1970 ) was applied to determine ultimate shaft shear stresses (provided in Table 3 ) at 10% of the pile diameter (=16.5 mm). In contrast to the trends indicated in Figure 1 , it is seen that there is generally little difference in the short-term loaddisplacement responses and capacities (measured at 6-7 days) with those measured after a set-up period of 117 ±2 days. In addition, it is evident that the installation mode has a small influence on the capacities developed. The capacities of the impact driven and air hammer driven piles show modest increases from 18 kPa to 20 kPa and from 23 kPa to 26 kPa respectively over the set-up period. However, the shaft capacity of the vibrated pile actually D r a f t 11 reduces from 26 kPa to 22 kPa over this period and the longer-term load-displacement response appears more brittle.
Shenton Park Field Test Database
Figure 6 indicates trends that are apparently in marked contrast with the high levels of set-up shown in re-tests on other impact driven piles at the same site, reported by Schneider (2007) .
In Table 3 .
In keeping with the contention discussed previously and proposed by Lim and Lehane (2014b) that the disturbance caused by installation is the primary factor giving rise to ageing and pile set-up, a range of different factors were examined for the database of Shenton Park tests. The most consistent trend emerged for the 'short term' capacity (taken as the capacity developed between 1 day and 7 days) when this disturbance was quantified as the number of blows or jacking cycles per unit external area of pile shaft (N bA ). This trend is shown in Figure 7a (excluding the vibrated pile) and shows a clear tendency for an approximate linear reduction in ultimate shaft friction with the logarithm of N bA , with τ av being largest for the bored piles (with no cycles) and lowest for the pile SP8 with N bA =3888.
As discussed with reference to Figure 1b , to allow for different pile lengths, pile diameters and modest changes in the CPT q c profiles, all of the measured short term capacities of standard impact driven or jacked displacement piles at Shenton Park are normalized by the capacity calculated using the UWA-05 method (τ UWA-05 ) and plotted against N bA in Figure 7b .
value has a profound effect on the short term capacity. This trend is also consistent with the tendency for reduced shaft friction with number of installation cycles shown by White and Lehane (2004) in centrifuge tests, which could be explained by higher levels of contraction of sand at the shaft interface for greater levels of cycling.
The Shenton Park database includes measured shaft capacities with set-up periods of between about 40 days and 376 days (with a mean of about 205 days). These are referred to here as 'long term' capacities, although it is acknowledged that the set-up periods are variable and those with only 40 days set-up (which are jacked piles) would be better described as 'medium term' capacities. It is also noted that some of the data include re-tests on piles, which may have capacities less than those if they were loaded for the first-time (Jardine et al. 2006) .
The combined set of normalized 'short term' and 'long term' capacities at Shenton Park is plotted against N bA in Figure 8a and against the time after installation in Figure 8b . Data from the field study by Schneider (2007) include re-tests on driven piles (piles 1-9 in Figure 8a ), while jacked piles (Lim and Lehane 2015b) and driven piles from the current (2017) study are first-time tests (note that pile 'pairs' in Figure 8a are: 10-12, 13-16, 17-19, 20-21, 22-23, 26-27, 29-30) . The trend observed is essentially the same as that shown by Lim and Lehane (2014) 
Vibrated vs air hammer vs drop hammer installation
The air hammer driven piles at Shenton Park (SP29 and SP30) involved about 160 low impact blows per meter penetration and it appears from the similarity of their capacities to the vibrated piles (SP32 and SP33) that the mode of installation led to a stress state around the piles comparable to that of the vibrated piles (which were installed at a frequency about five times faster). It is noteworthy, however, that the capacity of the vibrated piles reduced by 15% between 7 days and 117 days; this characteristic has also been observed by Borel et al. (2006) and Doherty (2015) and suggests that vibration leads to a different sand structure to that created by standard impact driving. The number of blows required to install the air hammer and standard drop hammer piles is broadly similar (Figure 4 ), although the former were installed at a much high frequency and have 30% higher capacity; the proportional gain in capacity with time for both pile types is comparable.
Comparison with other test bed sites
Short term capacity
As for the Shenton Park site, the dense marine sand at Dunkirk, France, and the very dense heavily over-consolidated sand at Blessington, Ireland, have been used for extensive field testing of piles and to assist with studies of pile set-up. Table 3 includes all relevant details D r a f t concerning these pile tests and associated references, which includes 8 piles at Dunkirk (labelled DK1 to DK8) and 13 piles at Blessington (BL1 to BL13). Recent tests results on short 50 to 60 mm diameter piles at these sites (DK7-8, BL11-13) are discussed separately.
The 'short term' capacity of the Dunkirk piles in the database corresponds to that measured at a mean set-up time of 5 days while the mean value time for the Blessington piles is 1 day.
The 'short term' capacities at these sites are plotted together with the 'short term' Shenton Park tests in Figure 9 using the same format as Figure 7 . Despite the range of pile configurations, sand densities and levels of over-consolidation, it is seen that the general trend for piles at all sites is the same with 'short term' capacities being comparable to the capacity calculated with the UWA-05 method at low N bA values but reducing to about 60% of the UWA-05 capacity at N bA =1000.
Influence of plugging
It is of interest to examine the relationship between N bA and the development of the sand plug during driven installation of the pipe piles in the database. The database measurements of the plug length ratio with N bA are plotted in Figure 10 . It is seen that there is a general trend for relatively low N bA values to correspond to a semi-plugged condition (PLR~ 0.4) with progressively much higher N bA required as the PLR increases towards a fully coring value.
This trend is counter-intuitive as it may be expected that fully coring piles are easier to drive.
However, N bA is not related to the energy input and the plotted trend simply indicates that larger driving hammers that promote greater penetration per blow give rise to more plugged conditions. A comparison of Figure 7 with Figure 10 therefore suggests that greater 'short term' capacity can be achieved using a larger sized driving hammer.
D r a f t
Long term vs short term capacity
The median longer term capacities at Dunkirk and Blessington were measured at 230 days (with exception of piles reported by Chow et al. (1997) where it was 1990 days) and these are compared in Figure 11 with the respective 'short term' capacities at these sites as well as at Shenton Park. The ratio of the 'long term' capacities (which are acknowledged to be 'medium term' capacities in some instances) to the 'short term' capacities are plotted against N bA and reflect the same trend seen in Figure 8 . There is little gain in capacity with time for piles with relatively low N bA values whereas, despite some scatter, long term capacities are typically 3 times the 'short term' capacity at N bA ~1000. It may also be inferred from Figure 8 that piles driven with smaller sized hammers that are more prone to coring during installation have higher levels of set-up (as shown, for the example for largely coring piles included in Figure 1b ), but clearly also have low 'short term' capacities.
Piles DK7-8, BL11-13
Carroll et al. Carroll (2017) . Unusually, the 'short term' capacity at 1 to 2 days of both piles was about 80% greater than the UWA-05 capacity and they are therefore omitted from Figures 9-11.
Despite this feature, the Blessington piles showed no set-up, which is consistent with lack of set-up expected from Figure 9 for N bA =64. This relatively low N bA value arose because of the use an over-sized hammer and a resulting installation that was more akin to installation by jacking. The Dunkirk piles setup by more than 70% at 85 days, which is also consistent with
Summary
In summary, it appears that the number of installation blows (or jacking increments) has a critical effect on the 'short term' capacity with greater 'short term' capacity being possible for piles which employ larger sized hammers. However, piles with a large number of installation blows evidently create significant disturbance to the sand around the pile shaft and the recovery from this disturbance (or ageing) can lead to 'long term' capacities that are greater than the 'short term' capacities of piles driven with a small number of blows. Care should therefore be exercised in application of the time correction factor given by Equation (1), which based on the trends shown in Figure 9 and Figure 10 , is likely to only be applicable to larger diameter piles with high PLR and N bA values.
It is also important to emphasize that the line in Figure 11 is indicative of a trend based on the observed field data and is not a design line.
Conclusions
The results from a new series of tests on displacement piles combined with results from previous tests at the same site as well as tests at two other well investigated test sites have revealed the following clear trends, which explain much of the perceived variability of set-up characteristics of piles in sand:
1. The 'short term' shaft capacity (i.e. capacity within a number of days of installation) of standard driven piles (or jacked piles) depends critically on the number of installation blows (or jacking increments) normalized by the external shaft area, N bA .
Average shaft frictions reduce approximately with logarithm of N bA .
2. The 'long term' shaft capacity (measured after typically 40 to 350 days) is similar to the 'short term' capacity for lower N bA values. However, the 'long term' capacity for D r a f t 17 piles installed using many blows can exceed the 'short term' capacity despite having relatively low 'short term' capacities.
3. Although the value of N bA has a strong influence on the 'short term' capacity of typical impact driven and jacked piles, vibrated piles and piles installed with high frequency impact (with an air hammer) have a slightly higher 'short term' shaft capacity than piles installed under impact at standard frequencies. These capacities were less than design capacities calculated using UWA-05 and the capacity of the vibrated piles actually fell by 15% over a four-month period after installation. These results highlight the sensitivity of shaft friction to the particular installation mode. Lehane, B.M., Lim, J., Carotenuto, P., Nadim, F., Lacasse, S., Jardine, R., and van Dijk, B. 
